In this paper, in order to meet the requirements for miniaturizing a microwave frequency conversion module, an L-band filter with narrow band and high out-of-band rejection is designed based on LTCC technology. The values of each element in the simplified schematic diagram are used with Chebyshev type function being the prototype, and the shapes and layout of the elements are reasonably designed for effectively utilizing the electromagnetic coupling effect inside the structure. The actually processed filter has a bandwidth of 20 MHz, and its out-of-band rejection reaches 39 dB and 42 dB at 1 GHz and 1.6 GHz, respectively.
INTRODUCTION
As an important part of a high frequency circuit, filter is often used to select signals within a specific frequency band, and at the same time, it has certain rejection on the out-of-band spurious frequency. The lumped parameter LC filter is a common type of filter [1] [2] [3] [4] . LC filters are mostly arranged by capacitors, inductors, and resistors according to the design method, so that they have frequency selectivity to the signals. However, due to its composition and structure, the development of LC filters has been restrained. The package dimensions of the components which comprise filters are relatively large and not easy to be reduced.
Many existing literatures describe the methods for miniaturizing a filter, such as hairpin resonant unit [5] , folded stripline resonant unit [6] , and spiral resonant unit [7] . These theories and methods have greatly reduced the size of a resonant unit to 1/4 wavelength or even 1/8 wavelength [8] . However, the application of these theories and methods in L-band cannot effectively reduce the size of the resonant element. Taking advantage of the LTCC technology in a three-dimensional structure, lump-capacitor inductance is realized in the Z direction by means of stacking [9] , thus the volume of the filter can be effectively reduced, and the integrity and reliability of the LC filter are improved. Miniaturized LTCC LC filter has pushed the rapid development of civil and military electronic products in the direction of high reliability, miniaturization, high performance, and low cost.
Low Temperature Co-fired ceramic (LTCC) technology is a multi-layer ceramic technology [10] [11] [12] [13] . LTCC is featured with three-dimensional wiring [14] . Meanwhile, passive components can be embedded into the interior of multi-layer ceramics, so that the miniaturization and integration of passive devices and circuits can be realized. Based on the LTCC multi-layer technology, capacitor is realized through the stacked structure, and inductor is realized through the form of the spiral coupling line. Then, the vertical interconnection of LTCC wires is utilized, thus completing the design of the filter. The LTCC technology makes filter design more compact. Thus the stability of the filter is improved, and the size of the filter is greatly reduced.
The filter designed in this paper is a narrow-band filter which has a bandwidth of 20 MHz and requires high out-of-band rejection. A traditional filter is usually implemented by a crystal filter or a SAW filter, but it cannot meet the system requirements due to its large size. In this paper, a bandpass filter with a small size, narrow bandwidth and high out-of-band rejection is designed on the basis of LTCC technology. Transmission zeros are introduced into the LC filter model, and a filter with narrowband and high out-of-band rejection is obtained by reasonable transformation of the structure. Its volume is only 5 mm × 4.1 mm × 1.0 mm.
DESIGN OF THE FILTER
At the time making the LC filter by means of the LTCC process, the circuit is implemented by making the capacitors and inductors with conductive materials respectively and embedding them in the LTCC medium [15] . All the components are fabricated with Ferro A6M material from Ferro company, which has a dielectric constant of 5.9 and a tangential value of loss angle of 0.002. The specific performance requirements of the designed bandpass filters are as shown in Table 1 . 
Principle of the Filter
From the indicators in Table 1 , it can be found that the out-of-band rejection requirement of the filter is relatively high. In the design of the filter, there are two ways to increase the out-of-band rejection of the filter. One is to increase the order of the filter, and the other is to add transmission zeros into the filter. It is true that its out-of-band rejection can be increased by increasing the order of the filter. However, with the increase of the order, the size of the filter will also increase, which is not conducive to the design of the miniaturized filter. As a result, the method of adding the transmission zeros is usually used in the design of the miniaturized filter [16, 17] . The zero point of the filter is the point where the transmission equation is equal to zero. In an ideal situation, the energy cannot pass at this frequency at all, so a good isolation effect could be achieved. In lumped parameter mode, the method of introducing series or parallel resonance is usually adopted in adding of the transmission zero into the filter. The schematic diagram is as shown in Figure 1 . The calculation formulas of the impedance and admittance in the high-frequency circuit when the capacitors and inductors in the circuit are installed in series or installed in parallel are as follows:
Refer to Eq. (1), when LC meets the resonance relationship, the input impedance in the series resonance circuit is zero, and the circuit is equivalent to a short circuit. All the energy at this frequency is absorbed, and the transmission zero is formed. Referring to Eq. (2), when the admittance in the parallel resonance circuit is zero, the circuit is equivalent to an open circuit; the energy at this frequency is fully reflected; and the transmission zero point is formed.
The Prototype of the Bandpass Filter Circuit
On the basis of Chebyshev function, two transmission zeros are introduced into the filter. Modifications are made to Chebyshev type so that the sideband rejection is enhanced. The design of the filter equivalent schematic diagram is accomplished by means of Ansoft Designer software, as shown in Figure 2 . Design equations for calculating the element values of the proposed filter structures can be derived by using the standard filter synthesis procedures [18] . For the particular circuits shown in Figure 2 , the component values are simply given by
and ω z are the passband center frequency and transmission zero frequency, respectively. BW is the 1 dB bandwidth, and C S is the shunt capacitors of the resonators associated with the standard filter design. L1 and L3 are just the connecting line, and the values are very small. The floating values of L1 and L3 so not affect the results very much, so we could estimate the valuea. After calculation, the initial value of the circuit model is extracted as, C1 = 0.96 pF, C2 = 5 pF, C3 = 0.81 pF, L1 = 0.26 nH, L2 = 1.82 nH, L3 = 0.32 nH.
Since the required filter is a narrow-band filter, any minor adjustments to the capacitor value and inductor value are likely to affect the bandwidth of the filter. In the process of final implementation of the filter with the LTCC technology, the phenomenon of mutual coupling surely exists. Therefore, simulation in HFSS software is very important in this work. In Ansoft Designer software, the simulation result is as shown in Figure 3 . 
SETTING UP OF THE MODEL

Three-Dimensional Model for the Inductor
LTCC inductors generally contain plane type and spiral type. The inductor values of L1 and L3 in the filter model are small, which is realized by a short line. The width of the inductor is 0.2 mm, which is the width of the 50 Ω stripline. The length of the inductor is obtained through HFSS simulation. The lengths of L1, L2, and L3 are 0.82 mm, 1.2 mm, and 4.4 mm, respectively. Inductor L2 is the key inductor in the filter, which involves the generation of transmission zero point. In order to avoid the mutual coupling with other capacitors, the plane type inductor is adopted. The inductor with this kind of structure has a high self-resonance frequency and quality factor.
The effective inductor value of LTCC can be expressed with the scattering parameter as follows:
where L eff is the effective value of the inductor, f the self-resonant frequency, and Y 11 the admittance value of the inductor. The three-dimensional model for the inductor with an inductance value of 1.82 nH is as shown in Figure 4 . The conductor width in the inductor is 0.2 mm; the length in the direction of X axis is 2.9 mm; and the length in the direction of Y axis is 1.5 mm. The effective inductance value obtained by HFSS software simulation is as shown in Figure 5 .
Three-Dimensional Model for the Capacitor
Capacitor is a main component in implementation of a filter circuit. For capacitors in the LTCC technology, mainly two kinds of structures are adopted, Metal-Insulator-Metal (MIM) structure and Vertically interdigitated Capacitor (VIC) structure. The commonly used structures are as shown in Figure 6 . With the same capacitor values being realized, MIM structure capacitor has a larger area and fewer occupied layers, while VIC structure capacitor has more advantages with respect to the Q value and resonance frequency. VIC structure uses more layers, which adds to the design difficulty and the process complexity. In an actual circuit design, it is necessary to make a choice between these two structures according to the structure and parameter values of the filter. No matter which structure is chosen for the capacitor design, it is necessary to extract the relevant parameters of capacitor elements. Take the capacitor as a two-port network and extract its characteristic parameters, and then an accurate design of the structure and dimensions of the capacitor is obtained.
Regard to the capacitors in the filter, C1 = 0.96 pF, C3 = 0.81 pF, and their capacitance values are relatively small, so the embedded MIM structure is adopted. However, C2 = 5 pF, and its capacitor value is relatively large. In order to reduce the plane area, an embedded VIC structure is adopted. The physical dimensions of C1, C2, and C3 are obtained through HFSS simulation, which is shown in Figure 7 and Figure 8 . Compared with the traditional MIM structure, this structure has the advantages of small electrode area and high capacitor. The effective capacitor value is expressed by the scattering parameter as follows:
where C eff is the effective value of capacitor, f the self-resonant frequency, and Z 11 the impedance value of the capacitor. The VIC in Figure 7 is a three-layer capacitor structure with dimensions of 2.3 mm × 1.1 mm. The simulation results of the capacitor are as shown in Figure 8 , and the effective capacitor value for 1.75 GHz is approximately 5 pF. 
Establishing of Filter Structure and Simulation
Based on the models of inductors and capacitors, the three-dimensional modeling, simulation, and optimizing of all the components in the filter are performed. As shown in Figure 2 , there are 5 inductors and 6 capacitors in total, and the values are different. The 11 variables have brought great difficulties in the processes of modeling and optimization. In order to facilitate the modeling and optimization, a symmetrical circuit structure is adopted in this paper. With the application of symmetry of the model, the 11 variables become 6 variables. Fewer variables in the schematic diagram gives ease in LTCC integration. Since the simulation of this filter is difficult, optimization is done in the modeling process.
The three-dimensional model of LTCC bandpass filter is shown in Figure 9 . By analyzing the simulation results of the flexible layout of the inductors and capacitors in model and constantly optimizing and adjusting the model, optimal simulation results are obtained as shown in Figure 10 . From simulation results, it can be seen that within the bandwidth of 1.265 ∼ 1.285 GHz, the insertion loss is relatively small, and the return loss is satisfactory. The out-of-band rejection also meets the requirements.
SIMULATION AND MEASUREMENT RESULTS
The production process of the LTCC is extremely complex, including punching via, filling, conductor printing, laminating, hot cutting, sintering, scribing, and post-burning. After these procedures, the production and processing of the LTCC filter is completed. The final product dimensions are only 5 mm × 4.1 mm × 1 mm. The actual processed L-band LTCC bandpass filter is shown in Figure 11 . The test results are shown in Figure 12 .
The simulation results of the filter with narrow-band and high out-of-band rejection are compared with the test results of actual products. The data of the two are roughly identical, and in particular, the two transmission zeros coincide with each other well with respect to the frequency position. The Figure 11 . Actual processed passband filter. Figure 12 . Test results.
insertion loss of the filter in the range of 1.265-1.285 GHz is less than 2 dB, and the VSWR is less than 1.5, which meets the requirements. As shown in Figure 12 , the filter achieves better narrow-band characteristics. As transmission zeros are in good agreement with the simulation results, good out-ofband rejection is achieved. It can be seen from the test figure that the out-of-band rejection at 1 GHz is 39 dB, and that at 1.6 GHz is 42 dB, fully meeting the requirements. The upper sideband roll-off rate of the filter simulation is 108.8 dB/GHz (attenuation: 3 dB at 1.22 GHz and 40 dB at 0.88 GHz). The lower sideband roll-off rate of the filter simulation is 185 dB/GHz (attenuation: 3 dB at 1.34 GHz and 40 dB at 1.54 GHz). The upper sideband roll-off rate of the filter measurement is 154.1 dB/GHz (attenuation: 3 dB at 1.22 GHz and 40 dB at 0.98 GHz). The lower sideband roll-off rate of the filter measurement is 142.3 dB/GHz (attenuation: 3 dB at 1.34 GHz and 40 dB at 1.6 GHz). Slight differences are shown between the results of the simulation and the results of the measurement. An analysis has been performed, and the possible causes have been found, which may be the uncertain factors during the manufacturing. The passband group delay results of the filter are as shown in Figure 13 .
The simulated and measured insertion losses at the operating frequency band 1.265-1.285 GHz of the filter are as shown in Figure 14 . The measured insertion loss varies from 1.8 to 2 dB, which is usable in communication applications. Insertion losss simulation and measurement results. Table 2 shows the performance comparison between the proposed L-band bandpass filter and those of similar works in literature. The bandwidth of the proposed BPF is narrower than those in [19] [20] [21] [22] . The proposed BPF has good insertion loss, better than those in [19] [20] [21] except [22] . The proposed BPF also has good return loss, better than those in [19, 20, 22] except [21] . The size of the proposed BPF is comparable to those in [20, 21] and more compact than [19] except [22] . 
CONCLUSION
The design method of bandpass filter with narrow-band and high out-of-band rejection is introduced. This method is applied on the transmission zeros, and better out-of-band rejection is realized. With the idea of symmetry, the structure of filter can be simplified, and the difficulty in simulation can be reduced. As shown in test results, the simulated and measured results have good consistency. LTCC technology has big advantages in realizing miniaturization of the filter. Compared with a traditional crystal filter or SAW filter, the volume of an LTCC filter is at least five times smaller. At the same time, for the previous LTCC filter implementations, it is usually difficult to achieve narrow band. The design method in this paper provides a new idea for designing a narrow band bandpass filter.
